I ce is omnipresent in nature, on the surface of the Earth, in the atmosphere and on celestial bodies 1,2 . The phase diagram of solid water presents a large amount of complexity, with a plethora of structures that are stable, or metastable, at different conditions of pressure and temperature [3] [4] [5] . At ambient pressure, liquid water freezes and forms ice Ih, which is the stable phase over a vast region of different temperatures and pressures and has a hexagonal crystal structure. A long time ago a different phase was obtained at ambient pressure by water vapour deposition at low temperature 6 , and this was considered to be cubic on the basis of its electron diffraction pattern. Later, this same phase was formed by the transformation of amorphous ice, obtained by depositing vapour at about 110 K and increasing the temperature above 140 K (ref. 7 ), and, in larger quantities, by the back-transformation, at ambient pressure and low temperature, of crystalline high-pressure ice polymorphs 8-11 . More recently, ice with signs of cubic structure has been produced by other methods, such as freezing of nano-droplets 12 , dissociation of gas hydrates 13,14 and freezing of water in a confined geometry 15 . It is now clear, however, that these solids are not structurally cubic ice, since they always present different quantities of stacking defects depending on the starting material [16] [17] [18] . This phase, denoted as Isd, is therefore called stacking-disordered ice 17 . Experimental results, such as the observation of different kinds of halo in the polar regions, suggest that ice Isd is present in the atmosphere, since stacking disorder influences the crystal shape and orientation 19-21 . Amorphous and stacking-disordered ice also play important roles in the stability of comets 22 .
I ce is omnipresent in nature, on the surface of the Earth, in the atmosphere and on celestial bodies 1, 2 . The phase diagram of solid water presents a large amount of complexity, with a plethora of structures that are stable, or metastable, at different conditions of pressure and temperature [3] [4] [5] . At ambient pressure, liquid water freezes and forms ice Ih, which is the stable phase over a vast region of different temperatures and pressures and has a hexagonal crystal structure. A long time ago a different phase was obtained at ambient pressure by water vapour deposition at low temperature 6 , and this was considered to be cubic on the basis of its electron diffraction pattern. Later, this same phase was formed by the transformation of amorphous ice, obtained by depositing vapour at about 110 K and increasing the temperature above 140 K (ref. 7 ) , and, in larger quantities, by the back-transformation, at ambient pressure and low temperature, of crystalline high-pressure ice polymorphs [8] [9] [10] [11] . More recently, ice with signs of cubic structure has been produced by other methods, such as freezing of nano-droplets 12 , dissociation of gas hydrates 13, 14 and freezing of water in a confined geometry 15 . It is now clear, however, that these solids are not structurally cubic ice, since they always present different quantities of stacking defects depending on the starting material [16] [17] [18] . This phase, denoted as Isd, is therefore called stacking-disordered ice 17 . Experimental results, such as the observation of different kinds of halo in the polar regions, suggest that ice Isd is present in the atmosphere, since stacking disorder influences the crystal shape and orientation [19] [20] [21] . Amorphous and stacking-disordered ice also play important roles in the stability of comets 22 .
A representation of the stacking defects giving rise to ice Isd, and of the structure of ice Ih and ice Ic, is shown in Fig. 1 . The O atoms of water molecules in all ice I phases are arranged in pairs, and are bound parallel to the crystallographic c axis, which is also the stacking direction. These pairs lie on hexagonal close-packed layers, which are stacked to form the three-dimensional crystal. Ignoring the hydrogen atoms, a close analogy can be drawn with monoatomic metals, where stacking sequences of the type ABABAB... or ABCABC... give rise to hexagonal (Ih) or cubic (Ic) three-dimensional symmetry, respectively. Stacking defects of the Isd structure correspond, for example, to insertion of slices with hexagonal sequence into the cubic structure. Given a sequence of layers, the character of each layer, whether it be cubic or hexagonal, can be determined unequivocally by looking at the preceding and following layers. The cubicity of a sample, that is, the proportion of cubic stacking sequences 16 , can be determined by analysis of accurate diffraction measurements. Ice Isd has been studied in the past in great detail 23 , even if cubicity higher than 80% has not been observed so far.
We prepared structurally pure ice Ic by transformation of a powder of ice XVII at ambient pressure by means of increasing the temperature. Ice XVII is a metastable phase of ice obtained from the high-pressure hydrogen-filled ice in the C 0 phase 24, 25 . This lowdensity solid water phase is highly porous, and, uniquely among the various stable and metastable phases of ice, exhibits a structure consisting only of pentagonal rings of water molecules 25, 26 . Ice XVII can be maintained at ambient pressure only up to about 130 K, above which it undergoes a phase transition similar to that mentioned above for the amorphous 7 and high-pressure crystalline 8, 9, 11 forms. Whilst the end product of all of these transitions above 200 K is the ordinary hexagonal form of ice (ice Ih), the remarkable difference between ice XVII and the other forms of ice is the nature of its intermediate state, where, instead of stacking-disordered ice, we find a structurally pure form of cubic ice.
This surprising outcome arises from two different neutron diffraction experiments performed, respectively, on the high-resolution powder diffractometer (HRPD) at ISIS (UK) and on the D20 instrument at Institut Laue-Langevin (ILL, France), in which we studied the transformation of metastable ice XVII to a stable phase. The experimental procedure was very similar in both cases. In both experiments the pure D 2 O ice XVII sample, obtained after completion of annealing treatment on the C 0 hydrate pristine sample, was heated under dynamic vacuum and the diffraction patterns were measured at constant temperature intervals (typically, 5 K in the HRPD experiment or 10 K in the D20 experiment) in the range 110-180 K (for further details, see Methods). The main results of both experiments are summarized in Fig. 2 , in which the most representative raw HRPD ( Fig. 2a ) and D20 ( Fig. 2b ) diffraction patterns are reported. In both cases, a clean ice XVII diffraction pattern (P6 1 22 symmetry group) is recorded at low temperatures, below about 150 K. On heating, a phase transition is observed between 150 K and 160 K with the appearance of new diffraction peaks belonging to a different crystallographic phase; these were successfully indexed with the cubic symmetry Fd 3m I . Other details of this phase transition are reported in Supplementary Note 1. The refined parameters obtained with the Rietveld method 27 , using either the GSAS 28 or the FullProf software packages 29 , are listed in Table 1 .
Cubic ice Ic without stacking defects obtained from ice XVII
The diffraction patterns recorded above 160 K, which show only the cubic ice reflections, indicate completion of the transition from ice XVII to ice Ic. These are reported in Fig. 2c,d for the experiments on HRPD and D20, respectively. The high degree of structural purity of ice Ic, with no detectable sign of stacking disorder, is demonstrated by the absence of any hexagonal ice Ih reflections or diffuse scattering between the Bragg peaks in the whole diffraction pattern, and by the good quality of the fit, which is characterized by a weighted profile agreement index, R w , of 4.1% for the D20 data and 4.4% for the data taken on HRPD. Indeed, very weak reflections, such as (311) and (400), are also observed (see Supplementary  Fig. 2) , with an intensity matching that expected for a pure cubic crystal. The presence of any fraction of possible amorphous ice phases in the sample can be totally excluded from the observation that the continuous background intensity remains very small after the transition from ice XVII to ice Ic at about 150 K.
Producing ice Ic with such structural purity represents a major breakthrough. Generally, ice Isd is obtained, where the degree of stacking disorder can vary substantially as a function of the preparation method and the history of the sample 16 . The diffraction pattern in this case may present symmetry-forbidden reflections, and can be modelled and fitted with the one pertaining to stackingdisordered ice with variable cubicity 18, 23, [30] [31] [32] . Numerous examples of diffraction patterns commonly obtained for ice Isd, synthesized by different routes, are reported in Fig. 3 of ref. 18 . So far, the highest cubicity experimentally obtained is ≈80%, although this was derived by analysis of only a portion of the diffraction pattern 33 . In Supplementary Note 2 we compare the portion around Q = 1.7 Å −1 of the diffraction pattern obtained in our experiments with that of some instances of ice Isd having the highest degree of cubicity obtained to date.
From the Rietveld refinement of the HRPD data, we derived the behaviour of the unit-cell parameters as a function of temperature during and after the transition from ice XVII to ice Ic. The density of ice XVII and ice Ic (D 2 O) is reported in Fig. 3 . The data collected before and after the transition were refined with a single phase (that is, space groups P6 1 22 and Fd3m I for ice XVII and Ic, respectively), while the data collected during the transition (150 and 155 K) were refined with both phases. The lattice parameters obtained at these two transition temperatures might be affected by some systematic uncertainty as a result of non-homogeneous filling of the sample can by the two phases. D 2 O ice Ic displays a slightly lower density than that measured for ice Ih. The density difference between ice Ih and ice Ic is positive and larger than the statistical uncertainty derived from the Rietveld fit, but we cannot exclude a systematic uncertainty, which presumably may be of the same order of magnitude as the difference between the two determinations for ice Ic at 160 K.
We also investigated the structural transition of ice Ic into stable ice Ih by performing a dedicated neutron diffraction experiment on the D20 instrument at ILL. In this case, the sample cell was not connected to a vacuum pump but was a sealed cell (see Methods for details). Diffraction data from a sample of ice Ic, prepared offline from ice XVII, were collected while performing a slow (0.12 K min −1 ) temperature ramp from 150 K to 230 K. In this case, owing to the high signal-to-noise ratio of these data, a tiny feature at diffraction angle 2θ = 36.36 ∘ is visible on an expanded vertical scale in the diffraction patterns, even in the first measurements below 150 K. This is an indication that in this case ice XVII did not convert completely into pure ice Ic, which is probably because the starting ice XVII sample was not perfectly clean with regard to absorbed gas molecules, and that these molecules could not be released during the warming cycle because of the sealed vanadium cell. An estimation of the amount of stacking disorder present in this sample was done by means of the computer program DIFFaX 36 , which is freely available. This program calculates diffraction intensities from crystals that contain coherent planar defects, such as stacking faults, as in our case. We fitted the measured diffraction pattern around the (111) Bragg reflection, which is the only region where some sign of disorder is detected, adjusting the disorder parameters in succession. We obtained good agreement, with a cubicity around 95%. Details of the parameters used in the computation and a figure depicting the results are reported in Supplementary Note 3.
The diffraction patterns, measured as a function of temperature, were analysed to follow the transition from ice Ic to ice Ih. We estimated the growing fraction of ice Ih, considering it to be proportional to the normalized intensities of each of five representative ice Ih Bragg reflections (see Methods). In this procedure, we assumed that the starting proportion of ice Ih was 0% and the final proportion was 100%. We favour this method over refinement of each diffraction pattern because of the presence of a small quantity of stacking faults in the starting material, which cannot be properly described with a two-phases Rietveld fit, using both ice Ic and Ih. The result for the ice Ih fraction is presented in Fig. 4 . The sample starts to modify at about 185 K, when the Ih fraction starts to grow, reaching 100% at a temperature slightly above 215 K. In fact, attempting a two-phases Rietveld refinement of data taken below 200 K, and calculating the ice Ih fraction from them, one obtains values above the reported curve, which is an indication that the fitting procedure incorrectly interprets stacking faults as the presence of a fraction of ice Ih. Above 200 K the two-phases Rietveld fit converges, giving an estimation of the fraction of ice Ih that is in agreement with that calculated from the Bragg reflection intensities. These data demonstrate that no intermediate phase is formed during the Ic to Ih transition. A contour plot representing all the diffraction data measured during the transformation from ice Ic to ice Ih is presented in Supplementary Note 4. We also performed a Raman spectroscopy study to detect the effects of the two phase transitions on the spectrum. We used H 2 O for this experiment, confident that isotopic differences at these temperatures can lead to a tiny difference in the phase line but not in the crystal structure. The Raman spectra of the two phases, ice XVII and ice Ic, present marked differences, both in the lattice modes (150-350 cm −1 ) and OH-stretching region (3,000-3,500 cm −1 ). In the first region ( Fig. 5a ) in ice Ic, a clear shift of the main peak towards higher frequency is observed, with the appearance of a second peak at about 315 cm −1 . As a consequence, the shape of the whole band changes markedly. The OH-stretching Raman band (Fig. 5b) shows a clear softening by more than 25 cm −1 , while its shape does not change much. This finding is in agreement with the increase of density and, consequently, the decrease of the OH ⋅ ⋅ O bond length, as already observed in the literature for different compounds 37 or, for the same structure, as a function of thermodynamic conditions 38, 39 .
We studied the kinetics of the ice XVII to ice Ic transition by monitoring the frequency of the OH-stretching band as a function of either temperature or time, in two subsequent experiments. In the first experiment, the temperature of the sample was slowly increased (0.1 K min −1 ) from 120 K to 178 K, thus allowing us to determine the temperature of the structural transformation. The central frequency of the most intense peak of the OH-stretching band, fitted as a Lorentzian curve (see Methods) is shown as a green line in Fig. 5c . The transformation to ice Ic, marked by the large frequency decrease (22.1 cm −1 ), begins slightly below 139 K, and has its maximum rate at 144 K. The slope of the OH frequency increase with temperature is slightly larger in ice Ic (0.314 cm −1 K −1 ) than in ice XVII (0.229 cm −1 K −1 ). The transformation appears to be complete in about 110 min, during which the temperature has increased by 11 K. The kinetics of the transformation at one fixed temperature (orange lines in Fig. 5c,d) , namely T = 139.5 K (chosen to be just above the temperature at which a detectable spectral change had been observed in the first experiment) was studied in the second measurement. As expected, in this case the transformation is slower. The time taken to complete the transformation can be estimated at about 7 h. The transformation process can also be efficiently monitored by observing the width of the first peak versus time (Fig. 5d ). The measured broadening during the transition (see also Supplementary Note 5) is obviously due to the coexistence of the two phases during the structural rearrangement, which lasts in the first case for about 200 min. The kinetic series measured at T = 139.5 K evidences a much slower change, with a long time tail in the roughly exponential decay of the line width, with a time constant τ ≃ 220 min. This is evidence of a very slow structural relaxation process. The apparent discrepancy in the transition temperature with respect to the diffraction data is due to the faster heating rate applied in the neutron experiment.
Finally, by using Raman techniques, we also explored the Ic to Ih transition, measuring the OH-vibration Raman spectrum as a function of temperature on the same sample. According to the results of a recent paper 40 , one would have expected to observe, going from Ic to Ih, a sensible down-shift of the peak frequency, as happens for ice Isd, and an overall narrowing of the same peak. We analysed the spectra recorded between 180 K and 230 K, determining the peak frequency with a reproducibility of ±0.5 cm −1 , and we did not observe any sensible frequency jump during the temperature ramp. Comparing the spectra measured at low temperature on the same sample at the beginning (ice XVII) and after subsequent transformation to ice Ic and ice Ih (Fig. 5a,b ), one notices clear features that distinguish ice XVII from the other two phases, while the differences between ice Ic and ice Ih are very subtle. The frequency position of the maximum of the OH-stretching band is the same within error (0.2 cm −1 ), and only the width of this band is slightly narrower for ice Ih. The lattice band has a somewhat different shape, with a narrower low-frequency feature for ice Ih. From these data it appears that spectroscopic identification of the type of ice, Ih or Ic, would be very difficult unless spectra from both phases are recorded and compared. In conclusion, the results reported here represent a step towards the complete characterization of the ice polymorph I. A recent report describes a similar result obtained by degassing a different high-pressure phase of hydrogen hydrate 41 . While it is ice Isd, with higher or lower cubicity, that is generally produced during the route to stability by heating different metastable phases of ice at ambient pressure, it is interesting to underline that starting from a very open structure, such as ice XVII, high purity ice Ic is obtained. The low density and free space between molecules in the starting material, which allows freedom to rearrange, is likely to be one of the reasons why a purer phase is achieved.
This route to obtain pure cubic ice in large quantities opens up new opportunities for the clarification of fundamental questions in ice physics. In future, the specific heat of real ice Ic will be measured, which, together with the Ic to Ih transformation enthalpy, will enable experimental determination of its free energy, and will resolve the issue of the relative stability of the two polytypes of ice present at ambient pressure. This free energy difference is too low to be calculated by the computational methods that are available at present 42, 43 . Precise structural measurements on good quality ice Ic samples will determine its thermal expansion, and clarify whether there is a region of negative expansivity similar to hexagonal ice. In addition, new studies will be able to investigate if hydrogen-ordered phases of this same structure exist, analogous to many other phases of ice 4, 44 , and if cubic ice undergoes the same phase transformations as hexagonal ice at high pressure, or whether it follows a different route.
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